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The charge transport of electron doped Mott insulators on a triangular lattice is investigated within
the t-J model. The conductivity spectrum shows a low-energy peak and an unusual midinfrared
band, while the resistivity is characterized by a crossover from the high temperature metallic-like
to low temperature insulating-like behavior, in qualitative agreement with experiments. Our results
also show that the mechanism that causes this unusual charge transport is closely related to a
competition between the kinetic energy and magnetic energy in the system.
PACS: 74.25.Fy, 74.25.Gz, 72.10.-d
The recent discovery of superconductivity in doped
cobaltates, NaxCoO2 · yH2O with the superconducting
transition temperature Tc ∼ 5K, has generated great in-
terests due to the role of strong electron correlations1.
This compound has a lamellar structure consisting of
the two-dimensional (2D) CoO2 layers separated by a
thick insulating layer of Na+ ions and H2O molecules,
where the one-half spin Co4+ ions are arranged on a
triangular lattice. This structure is similar to cuprates
superconductors in the sense that they also have a lay-
ered structure of the square lattice of the CuO2 plane
separated by insulating layers2. It has been well estab-
lished that Cu2+ ions exhibit an antiferromagnetic (AF)
long-range order (AFLRO) in the parent compounds of
cuprate superconductors, where superconductivity oc-
curs when the AFLRO state is suppressed by hole or elec-
tron doping2,3. However, NaxCoO2·yH2O is viewed as an
electron doped Mott insulator, where superconductivity
appears with electron doping1. A fundamental similar-
ity between cuprate and cobaltate superconductors has
been seen in the decreases in the superconducting tran-
sition temperature for both underdoped and overdoped
materials4. The optimal doping for superconductivity
occurs at 0.3 electrons per Co above the ground-state
Na0CoO2 · 1.3H2O, which is a half-filled two-electron t2g
derived band, while for cuprates, the optimal doping oc-
curs at 0.15 holes (electrons) added to the half-filled band
of the parent compound4. On the other hand, doped
Mott insulators on a triangular lattice, where the geo-
metric spin frustration exists, are also of interests in their
own right, with many unanswered fascinating questions.
Historically the undoped Mott insulator on a triangular
lattice was firstly proposed to be a model for microscopic
realization of the spin liquid due to the existence of the
strong spin frustration5. It has been argued that this spin
liquid state may play a crucial role in the mechanism for
superconductivity in doped cuprates6. Thus the unex-
pected finding of superconductivity in doped cobaltates
has raised the hope that it may help solve the unusual
physics in doped cuprates.
Some experimental studies have revealed a non-Fermi
liquid behavior in doped cobaltates1,7,8. Among the
striking features in the normal-state, a hallmark is the
charge transport, where the resistivity shows a tempera-
ture linear variation in a wide range of temperatures1,7.
Moreover, this unusual charge transport is found to be
intriguingly related to the magnetic correlation. The
charge transport measurement is a powerful probe for
interacting electron systems9, and can provide very de-
tailed knowledges about the low-energy excitations as
electrons are doped to cobaltates. One of the impor-
tant issues in experimental and theoretical investigations
of doped cobaltates is understanding of the low-energy
excitations in these compounds, where the clue to their
superconductivity lies possibly already in their noncon-
ventional normal-state properties. Therefore it is of in-
terest to have a detailed look at the charge transport. In
this paper, we try to study this issue. We show that the
resistivity of electron doped cobaltates is characterized
by a crossover from the high temperature metallic-like to
low temperature insulating-like behavior, and the mecha-
nism that causes this unusual transport is closely related
to a competition between the kinetic energy and mag-
netic energy in the system.
In electron doped cobaltates, the characteristic fea-
ture is the presence of the 2D CoO2 plane
1 as mentioned
above, and it seems evident that the unusual behaviors
are dominated by this plane. It has been argued that the
essential physics of the doped CoO2 plane is contained in
the t-J model on a triangular lattice10,
H = −te
∑
iηˆσ
PC†iσCi+ηˆσP
† − µ
∑
iσ
PC†iσCiσP
†
+ J
∑
iηˆ
Si · Si+ηˆ, (1)
where te > 0, the summation is over all sites i, and for
each i, over its nearest-neighbor ηˆ, C†iσ (Ciσ) is the elec-
tron creation (annihilation) operator, Si = C
†
i σCi/2 is
the spin operator with σ = (σx, σy , σz) as the Pauli ma-
trices, µ is the chemical potential, and the projection
operator P removes zero occupancy, i.e., ni↑ + ni↓ ≥ 1
with niσ = C
†
iσCiσ. In the past fifteen years, some useful
1
methods have been proposed to treat the no double occu-
pancy local constraint in hole doped cuprates11. In par-
ticular, a fermion-spin theory based on the partial charge-
spin separation has been developed to study the physical
properties of doped cuprates12, where the no double oc-
cupancy local constraint can be treated properly in ana-
lytical calculations. Within this theory, the charge trans-
port of the underdoped cuprates has been discussed12,13,
and the results are consistent with experiments9,14. To
apply this theory in electron doped cobaltates, the t-J
model (1) can be rewritten in terms of a particle-hole
transformation Ciσ → f †i−σ as10,
H = −t
∑
iηˆσ
f †iσfi+ηˆσ + µ
∑
iσ
f †iσfiσ + J
∑
iηˆ
Si · Si+ηˆ, (2)
supplemented by a local constraint
∑
σ f
†
iσfiσ ≤ 1 to
remove double occupancy, where as a matter of conve-
nience, we have set t = −te, f †iσ (fiσ) is the hole creation
(annihilation) operator, and Si = f
†
i σfi/2 is the spin
operator in the hole representation. Now we follow the
partial charge-spin separation fermion-spin theory12, and
decouple hole operators fi↑ and fi↓ as,
fi↑ = a
†
i↑S
−
i , fi↓ = a
†
i↓S
+
i , (3)
where the spinful fermion operator aiσ = e
−iΦiσai
describes the charge degree of freedom together with
the phase part of the spin degree of freedom (dressed
fermion), while the spin operator Si describes the am-
plitude part of the spin degree of freedom (dressed
spinon), then the no double occupancy local constraint,∑
σ f
†
iσfiσ = S
+
i ai↑a
†
i↑S
−
i + S
−
i ai↓a
†
i↓S
+
i = aia
†
i (S
+
i S
−
i +
S−i S
+
i ) = 1 − a†iai ≤ 1, is satisfied in analyti-
cal calculations, and the double dressed fermion occu-
pancy, a†iσa
†
i−σ = e
iΦiσa†ia
†
ie
iΦi−σ = 0 and aiσai−σ =
e−iΦiσaiaie
−iΦi−σ = 0, are ruled out automatically. It
has been shown that these dressed fermion and spinon
are gauge invariant, and in this sense, they are real and
can be interpreted as the physical excitations. Since the
phase factor e−iΦiσ is separated from the bare spinon
operator, therefore it describes a spinon cloud12. In this
case, the dressed fermion aiσ is a spinless fermion ai in-
corporated a spin cloud e−iΦiσ (magnetic flux), and is a
magnetic dressing. In other words, the gauge invariant
dressed fermion carries some spin messages, i.e., it shares
some effects of the spin configuration rearrangements due
to the presence of the electron itself15. Although in com-
mon sense aiσ is not a real spinful fermion, it behaves like
a spinful fermion. In this partial charge-spin separation
fermion-spin representation, the low-energy behavior of
the t-J model (2) can be expressed as12,
H = −t
∑
iηˆ
(ai↑S
+
i a
†
i+ηˆ↑S
−
i+ηˆ + ai↓S
−
i a
†
i+ηˆ↓S
+
i+ηˆ)
− µ
∑
iσ
a†iσaiσ + Jeff
∑
iηˆ
Si · Si+ηˆ, (4)
with Jeff = (1 − δ)2J , and δ = 〈a†iσaiσ〉 = 〈a†iai〉 is the
electron doping concentration. At the zero doping, the
t-J model is reduced to the Heisenberg model. Many
authors16 have shown unambiguously that as in a square
lattice, there is indeed AFLRO in the ground state of the
AF Heisenberg model on a triangular lattice. However,
this AFLRO is destroyed more rapidly with increasing
doping than that on a square lattice due to the strong
geometry frustration. Therefore there is no AFLRO away
from the zero doping, i.e., 〈Szi 〉 = 0. On the other hand,
in the electron underdoped regime where superconductiv-
ity occurs, the weak ferromagnetism can be induced17,10,
since the effective magnetic coupling in the present case
is Jeff−2φ | t | with the dressed fermion mean-field (MF)
particle-hole parameter φ = 〈a†iσai+ηˆσ〉.
Since the no double occupancy local constraint has
been treated properly within the partial charge-spin sep-
aration fermion-spin theory, this leads to disappearing of
the extra gauge degree of freedom related to the local
constraint12. In this case, the charge fluctuation couples
only to dressed fermions12,13. Based on this theory, the
charge transport of the hole doped Mott insulator on a
square lattice has been discussed12,13, and the results are
consistent with experiments9,14. Following their discus-
sions, the optical conductivity of electron doped Mott
insulators on a triangular lattice can be obtained as,
σ(ω) = (Zχte)2
1
2N
∑
kσ
γ2sk
∫ ∞
−∞
dω′
2π
A(a)σ (k, ω
′ + ω)
× A(a)σ (k, ω′)
nF (ω
′ + ω)− nF (ω′)
ω
, (5)
where Z is the number of the nearest neigh-
bor sites, the spinon correlation function χ =
〈S+i S−i+ηˆ〉, γ2sk = {[sinkx + sin(kx/2)cos(
√
3ky/2)]
2 +
3[sin(
√
3ky/2)cos(kx/2)]
2}/9, nF (ω) is the fermion dis-
tribution function, and the dressed fermion spectral func-
tion A
(a)
σ (k, ω) is obtained as A
(a)
σ (k, ω) = −2Imgσ(k, ω).
The full dressed fermion Green’s function g−1σ (k, ω) =
g
(0)−1
σ (k, ω) − Σ(a)(k, ω) with the MF dressed fermion
Green’s function g
(0)−1
σ (k, ω) = ω − ξk, and the second-
order dressed fermion self-energy from the dressed spinon
pair bubble12,13,
Σ(a)(k, ω) =
1
2
(Zt)2
1
N2
∑
pq
Bq+pBq
4ωq+pωq
(γq+p+k + γq−k)
2
×
(
F (1)(k, p, q)
ω + ωq+p − ωq − ξp+k
+
F (2)(k, p, q)
ω − ωq+p + ωq − ξp+k
+
F (3)(k, p, q)
ω + ωq+p + ωq − ξp+k
+
F (4)(k, p, q)
ω − ωq+p − ωq − ξp+k
)
, (6)
2
where Bk = λ[(2ǫχ
z+χ)γk−(ǫχ+2χz)], λ = 2ZJeff , ǫ =
1 + 2tφ/Jeff , γk = [cos kx + 2 cos (kx/2) cos (
√
3ky/2)]/3,
and
F (1)(k, p, q) = nF (ξp+k)[nB(ωq)− nB(ωq+p)]
+ nB(ωq+p)[1 + nB(ωq)], (7a)
F (2)(k, p, q) = nF (ξp+k)[nB(ωq+p)− nB(ωq)]
+ nB(ωq)[1 + nB(ωq+p)], (7b)
F (3)(k, p, q) = nF (ξp+k)[1 + nB(ωq+p) + nB(ωq)]
+ nB(ωq)nB(ωq+p), (7c)
F (4)(k, p, q) = [1 + nB(ωq)][1 + nB(ωq+p)]
− nF (ξp+k)[1 + nB(ωq+p) + nB(ωq)], (7d)
with nB(ω) is the Bose distribution function, and the MF
dressed fermion and spinon excitation spectra are given
by,
ξk = Ztχγk − µ, (8a)
ω2k = A1γ
2
k +A2γk +A3, (8b)
respectively, where
A1 = αǫλ
2(
1
2
χ+ ǫχz), (9a)
A2 = ǫλ
2[
1
Z
(1− Z)α(1
2
ǫχ+ χz)
− α(Cz + 1
2
C)− 1
2Z
(1 − α)], (9b)
A3 = λ
2[α(Cz +
1
2
ǫ2C) +
1
4Z
(1− α)(1 + ǫ2)
− αǫ 1
Z
(
1
2
χ+ ǫχz)], (9c)
with spinon correlation
functions χz = 〈Szi Szi+ηˆ〉, C = (1/Z2)
∑
ηˆηˆ′
〈S+i+ηˆS−i+ηˆ′〉,
and Cz = (1/Z2)
∑
ηˆηˆ′
〈Szi+ηˆSzi+ηˆ′〉. In order to satisfy
the sum rule for the correlation function 〈S+i S−i 〉 = 1/2
in the absence of AFLRO, a decoupling parameter α has
been introduced in the MF calculation, which can be re-
garded as the vertex correction18,19. All these mean-field
order parameters, decoupling parameter, and the chemi-
cal potential are determined self-consistently18.
We have performed a numerical calculation for the op-
tical conductivity in Eq. (5), and the results at elec-
tron doping δ = 0.40 (solid line), δ = 0.35 (dashed line),
and δ = 0.30 (dotted line) for parameter t/J = −2.5
in temperature T = 0 are shown in Fig. 1, where the
charge e has been set as the unit. The conductivity spec-
trum shows a low-energy peak appearing at ω ∼ 0, which
decays rapidly, and a broad midinfrared band. This
midinfrared band is electron doping dependent, and the
component increases with increasing electron doping for
1 | t |< ω < 3 | t |, and is nearly independent of elec-
tron doping for ω > 3 | t |. This reflects an increase in
the mobile carrier density, and indicates that the spec-
tral weight of the midinfrared sideband is taken from the
Drude absorption, then the spectral weight from both low
energy peak and midinfrared band represent the actual
free-carrier density. For a better understanding of the
optical properties of electron doped Mott insulators on
a triangular lattice, we have studied the conductivity at
different temperatures, and the results at electron doping
δ = 0.35 for t/J = −2.5 with temperature T = 0 (solid
line), T = 0.3J (dashed line), and T = 0.7J (dotted line)
are plotted in Fig. 2. It is shown that the conductivity
spectrum is temperature-dependent for ω < 3 | t |, and
almost temperature-independent for ω > 3 | t |. The low-
energy peak broadens and decreases in the height with
increasing temperatures, and there is a tendency towards
the Drude-like behavior. At the same time, the midin-
frared band is severely suppressed with increasing tem-
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FIG. 1. The conductivity of electron doped Mott insulators
on a triangular lattice as a function of frequency at electron
doping δ = 0.40 (solid line), δ = 0.35 (dashed line), and
δ = 0.30 (dotted line) for t/J = −2.5 with temperature T = 0.
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FIG. 2. The conductivity of electron doped Mott insulators
on a triangular lattice as a function of frequency at electron
doping δ = 0.35 for t/J = −2.5 with temperature T = 0 (solid
line), T = 0.3J (dashed line), and T = 0.7J (dotted line).
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peratures, and vanishes at high temperatures, in quali-
tative agreement with these of hole doped Mott insula-
tors on a square lattice9,12,13,20. As in doped cuprates,
the charge transport is governed by the dressed fermion
scattering, therefore δ dressed fermion are responsible for
the conductivity, i.e., the optical conductivity in elec-
tron doped cobaltates is carried by δ electrons. Since
the strong electron correlation is common for both hole
doped cuprates and electron doped cobaltates, these sim-
ilar behaviors observed from the optical conductivity are
expected.
Now we turn to discuss the resistivity, which can
be obtained in terms of the conductivity as ρ(T ) =
1/ limω→0 σ(ω), and the results for t/J = −2.5 at elec-
tron doping δ = 0.36 (solid line), δ = 0.35 (dashed
line), and δ = 0.34 (dotted line) are plotted in Fig. 3,
in comparison with the experimental data1 taken from
NaxCoO2 · yH2O (inset). Our present results show obvi-
ously that ρ(T ) is characterized by a crossover from the
high temperature metallic-like (dρ(T )/dT > 0) to low
temperature insulating-like behavior (dρ(T )/dT < 0),
but the metallic-like linear temperature dependence dom-
inates over a wide temperature range, which is qualita-
tively consistent with experiments1,7.
An explanation for this unusual charge transport can
be found from a competition between the kinetic energy
and magnetic energy, since the present t-J model (4) is
characterized by the competition between the kinetic en-
ergy (δt) and magnetic energy (J), with the magnetic
energy J favors the magnetic order for spins, while the
kinetic energy δt favors delocalization of electrons and
tends to destroy the magnetic order. Although both
dressed fermions and spinons contribute to the charge
transport in the partial charge-spin separation fermion-
FIG. 3. The resistivity of electron doped Mott insula-
tors on a triangular lattice as a function of temperature for
t/J = −2.5 at electron doping δ = 0.36 (solid line), δ = 0.35
(dashed line), and δ = 0.34 (dotted line). Inset: the experi-
mental result on Na0.35CoO2 · 1.3H2O taken from Ref. [1].
spin theory, the dressed fermion scattering dominates the
charge transport12,13. The dressed fermion scattering
rate is obtained from the full dressed fermion Green’s
function (then the dressed fermion self-energy and spec-
tral function) by considering the interaction between the
dressed fermion and spinon. In this case, the crossover
from the high temperature metallic-like to low tempera-
ture insulating-like behavior in the resistivity of electron
doped cobaltates is closely related to this competition. In
lower temperatures, the dressed fermion kinetic energy is
much smaller than the magnetic energy, then the mag-
netic fluctuation is strong enough to severely reduce the
dressed fermion scattering and thus is responsible for the
insulating-like behavior in the resistivity. With increas-
ing temperatures, the dressed fermion kinetic energy is
increased, while the dressed spinon magnetic energy is
decreased. In the region where the dressed fermion ki-
netic energy is much larger than the dressed spinon mag-
netic energy at higher temperatures, the dressed fermion
scattering would give rise to the metallic-like resistivity.
We emphasize that this competition between the ki-
netic energy and magnetic energy exists in all doped Mott
insulators. However, in the doped two-leg ladder Mott in-
sulators, the charged carrier’s motion is also suppressed
by interference effects between the two legs21, therefore
in the doped two-leg ladder Mott insulators both com-
petition between the kinetic energy and magnetic energy
and interference effects between the two legs cause the
unusual charge transport. This is why even in the hole
doped two-leg ladder systems, the metallic-like state ap-
pears in much higher doping concentration. On the other
hand, hole doped Mott insulators (opposite sign of hop-
ping t) on a triangular lattice have been discussed by
many authors22,23, where the conventional quasiparticle
picture may be broken by the effects of geometric spin
fluctuation22. These and related differences23 between
hole and electron doped Mott insulators on a triangu-
lar lattice reflect that there is no particle-hole symmetry,
and the sign of t is important10.
In summary, we have studied the charge transport of
electron doped cobaltates within the t-J model based on
the partial charge-spin separation fermion-spin theory.
It is shown that the conductivity spectrum shows a low-
energy peak and a broad midinfrared band, while the
resistivity is characterized by a crossover from the high
temperature metallic-like to low temperature insulating-
like behavior. Our results also show that the mechanism
that causes this unusual charge transport is closely re-
lated to the competition between the kinetic energy and
magnetic energy in the system.
Recent experimental studies24 have shown that the su-
perconducting transition temperature in NaxCoO2·yH2O
is proportional to the electron doping concentration in
the underdoped regime, and satisfies the Uemura rela-
tion for hole doped cuprates. This and other exper-
iments have shown that there is a remarkable resem-
blance in superconducting-state properties between the
electron doped cobaltate NaxCoO2·yH2O and hole doped
4
cuprates24,4,1, manifesting that two systems have simi-
lar underlying superconducting mechanism. Within the
partial charge-spin separation fermion-spin theory, the
mechanism of superconductivity in hole doped cuprates25
has been discussed, where dressed holons interact occur-
ring directly through the kinetic energy by exchanging
the dressed spinon excitations, leading to a net attrac-
tive force between the dressed holons, then the electron
Cooper pairs originating from the dressed holon pairing
state are due to the charge-spin recombination, and their
condensation reveals the superconducting ground-state.
In this case, the electron superconducting transition tem-
perature is determined by the dressed holon pair transi-
tion temperature, and is proportional to the hole doping
concentration in the underdoped regime, in agreement
with experiments. Since the strong electron correlation
is common for both hole doped cuprates and electron
doped cobaltates, then it is possible that superconduc-
tivity in electron doped cobaltates is also driven by the
kinetic energy as in hole doped cuprates. Following the
discussions in Ref.25, we have studied this issue26, and
found that the superconducting transition temperature
in electron doped cobaltates is suppressed to a lower tem-
perature due to the strong frustration. These and related
theoretical results will be presented elsewhere.
After submitting this paper, we became aware of re-
cent optical measurements27 on Na0.7CoO2 supporting
our theoretical results.
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